INTRODUCTION
Plant growth and development rely on the uptake of water and nutrients by the root. In vascular plants, the material taken up by roots is transported to aerial organs through the xylem. To reach the xylem, a molecule starting in the soil passes through three tissues (dermal, ground, and vascular tissue) and may move through either cytoplasm (i.e., symplastically) or cell walls (i.e., apoplastically). However, the apoplastic path is blocked when the molecule reaches the innermost layer of ground tissue, the endodermis; to continue moving toward the xylem, the molecule must traverse the plasma membrane [1] . This allows the influx to be filtered, insofar as transport across a membrane requires specific channel and carrier proteins.
Enforcing the apoplastic blockade is a specialized structure called the ''Casparian strip'' [2, 3] . Formed in the apoplast, the Casparian strip encircles the endodermis in a strongly hydrophobic band. The strip not only blocks apoplastic flow, but also provides resistance to the negative water pressure in the xylem, and thus the endodermis is often regarded as the root's inner skin [4] [5] [6] .
The Casparian strip has long been thought to derive its hydrophobic function from suberin, one of its major components [7, 8] ; however, a recent study discovered that the Casparian strip can attain functional hydrophobicity containing only lignin [8] . In Arabidopsis thaliana, this lignin strip becomes detectable around the twelfth endodermal cell after the onset of rapid expansion [9] . Molecularly, the formation of the strip depends on a family of transmembrane proteins, the so-called Casparian strip membrane domain proteins (CASPs), that are responsible for the localized deposition of the specialized cell-wall components [10] . Before the formation of a mature strip, CASP1 localizes specifically to the central zone of the endodermal cell plasma membrane. This localization requires the combinatorial function of two receptor-like kinases, SGN1 and SGN3 [11, 12] . Collectively, the CASPs are proposed to form a transmembrane scaffold that assembles the enzymes and co-factors needed to polymerize lignin, including respiratory burst oxidase homolog F (RBOHF), peroxidase 64 (PER64), enhanced suberin 1 (ESB1), and possibly a few other factors [13, 14] .
The initial specification of endodermal cell identity in the meristem is controlled by two transcription factors, SHORTROOT (SHR) and SCARECROW (SCR) [15, 16] . Without SHR, the endodermal layer is lost completely, replaced by a single ground tissue layer with cortex identity [15] . When present, SHR targets SCR, an interaction proposed to drive differentiation in the endodermis by activating the expression of a third transcription factor, MYB36 [17] . Consistently, a MYB36 loss-of-function mutant forms a functional Casparian strip only after a considerable delay [18] . Concomitantly in this mutant, the expression is delayed of various genes involved in Casparian strip formation, including the CASPs, ESB-like genes, and PER64 [19] .
Despite the essential role of SHR in endodermis formation, it is still controversial whether SHR is sufficient to confer the endodermal identity. Recent studies suggest that the ability of SHR to induce endodermal differentiation is spatially restricted [19] [20] [21] [22] . For example, when an SHR homolog from rice is expressed in A. thaliana driven by the AtSHR promoter, the protein moves out of the endodermal cell layer and induces extra tiers of cortex, but nevertheless the Casparian strip forms only in the endodermis [22, 23] . However, the failure to form ectopic Casparian strips might reflect an imperfect heterologous interaction rather than a limitation of SHR action.
Using a bottom-up approach, we sought to re-wire the regulatory circuits to create a Casparian strip in a non-endodermal lineage by ectopically expressing a minimal network of regulators. Our results reveal that SHR activates a hierarchical cascade for Casparian strip formation, in which lignin polymerization is controlled by a pathway centered on MYB36 whereas subcellular positioning is controlled by a second pathway centered on SCR. When activated by SHR, MYB36 turns on the expression of genes essential for lignin polymerization, including CASPs, PER64, and ESBs. In parallel, SCR directs the subcellular localization the Casparian strip. The key targets of SCR, a pair of kinases called SGN1 and SGN3 that regulate various enzymes that build the Casparian strip, although induced by SHR, require SCR for correct localization. We also show that specification of endodermal cell fate requires a peptide synthesized in the stele independently of SHR. By combining this peptide and the network mediated by SHR, we can reprogram a non-endodermal cell file into endodermis, featuring the appearance of a functional Casparian strip. Thus, our results reveal the minimum regulators for synthetic formation of Casparian strip and provide a genetic framework for endodermal differentiation.
RESULTS

SHR Promotes CASP1 Expression via MYB36
The CASPs are known to be responsible for localizing lignin polymerization to the central zone of the endodermal cell plasma membrane [10] ; however, the upstream factors regulating the expression and localization of CASPs are only partially understood. Here, we show that CASP1, although expressed in the wild-type specifically in the endodermis as expected ( Figures  1A, 1C , and 1D), was undetectable in the shr-2 mutant (Figure 1B) , suggesting that SHR is necessary for CASP1 expression. When we expressed SHR under the 35S promoter, CASP1-GFP expression appeared stronger and became visible in non-endodermal cells, particularly in those cells within the ground tissues ( Figures 1E and 1F ). Even so, in non-endodermal cells, the induced CASP1-GFP failed to form a continuous band ( Figures 1E and 1F) , as occurs in wild-type endodermis ( Figure 1G ).
To avoid artifacts caused by prolonged expression, we drove SHR with an estradiol-inducible promoter (pG1090-XVE::SHR, referred to as iSHR hereafter). Treatment with 10 mM estradiol induced SHR effectively, as judged by reduced cortex length and enhanced meristem cell division (Figures S1A-S1E). Note that in this study we take advantage of several estradiol inducible lines. For all reporter constructs studied in these lines, mock treatment (i.e., with solvent alone) caused no apparent change in the expression of the reporter ( Figure S1F ). In induced iSHR roots, CASP1-GFP appeared in extra ground tissues in the form of discrete puncta along the cell membrane ( Figure 1H ). This was similar to the structures seen with 35S::SHR and unlike the continuous formation in the wild-type. A 3D reconstruction showed that in iSHR roots, CASP1-GFP puncta aligned in the Casparian strip zone beneath the cell wall ( Figures 1I and 1J) .
Previously, a MYB36 loss-of-function mutant (myb36-1) was shown to have reduced expression of a set of Casparian strip genes, including CASPs, ESBs, and PER64 and, consistently, to have a delayed formation of the Casparian strip [17, 18] . Furthermore, MYB36 expression was also inferred to require SCR [16] . Because SCR is activated by SHR, it follows that SHR promotes MYB36 expression. To determine whether this is true, we characterized MYB36 expression by means of a reporter line, pMYB36:GFP-GUS. As expected, the MYB36 reporter appeared to be specific to the endodermis ( Figure 1K ), whereas in iSHR roots the reporter was expressed in all cell types, including epidermis ( Figure 1L ). Indeed, the induction of SHR upregulated MYB36 expression to essentially the same extent as that of CASP1, based on qRT-PCR analysis (Figure 1M) . Taken together, these data support the idea that SHR drives the expression of MYB36.
But unlike SCR, MYB36 does not self-activate, as pMYB36:GFP-GUS displayed wild-type-like expression levels in iMYB36-expressing roots ( Figure S2E ). Different from a previous qRT-PCR result [17] , MYB36 expression appeared to be independent of SCR, insofar as pMYB36:GFP-GUS was expressed in the same tissues either in the scr-4 mutant or when SCR was ectopically expressed under estradiol treatment (pG1090-XVE::SCR, referred to as iSCR hereafter) ( Figures S2F  and S2G) . However, the level of MYB36 expression in the scr-4 meristem was likely to have been downregulated, because the fluorescence intensity significantly decreased ( Figure S2G ).
Next, we examined the ability of MYB36 to activate CASP1 in various cell types. In the CASP1-GFP background, induction of pG1090-XVE::MYB36 (referred to as iMYB36 hereafter) triggered the ectopic appearance of CASP1-GFP in ground tissues (Figures 1M-1O ). Similar to induction of SHR with estradiol, MYB36 induction resulted in discontinuous puncta of CASP1-GFP in non-endodermal cells, suggesting that SHR controls CASP1 expression via MYB36 (Figures 1N-1P ). To test this hypothesis, we induced iMYB36 in a shr-2/CASP1-GFP background and monitored CASP1-GFP expression. After estradiol induction, CASP1-GFP expression was detected in the mutant cell layer of shr-2 ( Figures S2A-S2D ). However, when we induced iSHR in a myb36 mutant background, the induction of CASP1-GFP expression was lost ( Figure 3D ). This observation indicates that MYB36 acts downstream of SHR to localize CASP1.
SCR Directs Subcellular Casparian Strip Positioning
Previously, MYB36 expression was reported to be controlled by SCR [17] . Nevertheless, we found that CASP1-GFP expression in scr-4 appeared to be similar to that in the wild-type (Figure 2A) and, furthermore, that the expression patterns of pMYB36::GUS-GFP and CASP1-GFP were apparently unaltered in iSCR roots ( Figures 2B and S2F) , both findings tending to exclude SCR as a regulator of MYB36. However, careful examination of CASP1-GFP localization revealed an intriguing difference between the wild-type and scr-4. In the wild-type, as previously reported [10] , CASP1-GFP was localized more or less equidistant between cortex and stele ( Figure 2C ), whereas in scr-4, the localization was notably closer to the stele ( Figures  2D-2F ). These visual impressions were supported by measurement of the radial position of the CASP1-GFP signal ( Figure 2G ). In addition, CASP1 seemed to be localized defectively even at the initiation of strip formation ( Figures S2H-S2J ). As lignin is the major component of the Casparian strip, imaging of lignin in the developing endodermis provides an alternate method to detect Casparian strip positioning [8] . In the wild-type, the forming strip is indicated by two autofluorescent dots located more or less centrally on the end walls of endodermal cells ( Figures S3D  and S3E ). In scr-4 roots, the lignified strip, like CASP1, was shifted toward the stele ( Figure 2H ). Evidently, without SCR, the Casparian strip forms but is misplaced.
Positioning of the Casparian strip is influenced by two kinases, SGN1 and SGN3 [11, 12] . Here, we show that the expression of these kinases seems to be independent of SCR, insofar as the abundance of their mRNA changed only marginally in scr-4 ( Figure 2I ). In the wild-type, SGN1-GFP localized to the outer plasma membrane of the endodermis ( Figure 2J ) [12] . In scr-4, this polarized distribution of SGN1 was lost, and instead the SGN1-GFP signal was detected along the whole plasma membrane of both end walls ( Figure 2K ). Along with SGN1-GFP, the other kinase, SGN3-GFP, was mis-localized in scr-4 endodermis, in this case being shifted toward the stele ( Figure 2L ). Interestingly, iSHR drove SGN1-GFP expression in the cortex, but the localization had opposite polarity to that of the endodermis ( Figures 2M and  2N ). In line with this, CASP1-GFP induced by SHR in non-endodermal ground tissues also localized to the central zone ( Figures  1I and 1J ). SHR expression in the cortex has been reported to activate SCR [23] . Thus, SCR appeared to be able to promote correct CASP1 and Casparian strip positioning in all ground cell layers.
To determine whether MYB36 is involved in Casparian strip positioning, we induced the protein (iMYB36) and analyzed the location of the discontinuous CASP1-GFP staining in non-endodermal cells. In the epidermis, CASP1-GFP was localized in the corner toward cortical cells (''corner-shift phenotype''), rather than being in the center of the cell ( Figures 1O and 2O ). This result suggests that MYB36 is, at least, not sufficient to correctly position CASP1. As SCR expression is independent of MYB36 [18] , the shifted CASP1 localization in iMYB36 roots might be explained by the lack of SCR.
To detect the presence of a functional Casparian strip, we took advantage of a previously developed assay in which the presence of a functional strip is inferred by an external tracer, propidium iodide (PI), being unable to enter the stele [8] . In contrast to wild-type roots, shr-2 roots were stained by PI in the stele all along the root, suggesting the loss of entire Casparian strip (Figures S3A and S3C) . Consistent with this, shr-2 roots had little if any lignin autofluorescence ( Figures S3F and S3G) . In scr-4, a Casparian strip formed, but it seemed to be delayed, as indicated by both lignin autofluorescence and PI exclusion from the stele occurring at greater distances from the tip than in the wild-type ( Figures S3B and S3H-S3K ).
SHR Mediates a Hierarchical Signaling Cascade for Lignin Polymerization and Casparian Strip Positioning
A current model for the formation of the Casparian strip predicts that locally positioned CASPs provide a scaffold for the concerted action of peroxidases and NADPH oxidase [10, 13] . Therefore, we examined how these essential components are regulated by the SHR-SCR-MYB36 trio. As representative proteins, we examined CASP5, another member of CASP family [24] ; PER64, the peroxidase catalyzing a late step in lignin synthesis and known to be localized to the Casparian strip [13, 25] ; and ESB1, a dirigent protein implicated in lignin synthesis for the strip [14] . Expression of each was assayed from either transcriptional or translational fusions driven by the native promoters. In the wild-type, each protein appeared to be present in the endodermis only, and none of them were detectable anywhere in shr-2. In the iSHR and iMYB36 backgrounds under induction, the expression of the three reporters expanded to non-endodermal cells ( Figure 3A) . Based on the quantification of fluorescence intensity, induction of either SHR or MYB36 raised the expression level of all three proteins substantially throughout the root. Interestingly, in the myb36-1 mutant, SHR failed to induce the expression of these Casparian strip genes, suggesting that to induce genes involved in lignin polymerization, SHR requires MYB36 ( Figure 3D ).
In addition to PER 64, several other peroxidases are specifically expressed in the endodermis [13] . We analyzed the transcription of six of these in the induced iSHR and iMYB36 lines ( Figure 3B ). MYB36 activated all six peroxidases, but SHR only promoted the expression of four of them, and to a lesser extent than did MYB36 ( Figure 3B ), suggesting that SHR and MYB36 regulate these peroxidases differentially.
In addition to locally catalyzed lignification, Casparian strip formation also requires precise positioning. This regulation involves the combinatorial activity of the CASPs and two receptor kinases, SGN1 and SGN3 [11] [12] [13] . Similar to the biosynthetic genes, these genes are present in the wild-type in the endodermis only but are present in iSHR throughout the ground tissues ( Figures 3A and 3C) . However, SGN3 appeared to be controlled only by SHR: in iMYB36 roots, expression of SGN3-GFP remained restricted to the endodermis ( Figure 3A) .
In the myb36-1 background, iSHR appeared to drive SGN3-GFP expression in non-endodermal cells ( Figure 3D ), indicating that SGN3 does not require MYB36 for expression. To elucidate whether the regulation mediated by SGN1 and SGN3 affects gene activation by SHR or MYB36, we examined the expression of reporters in sgn-1 and sgn-3 plants ( Figures  S4A-S4I) . In both mutant backgrounds, iSHR and iMYB36 each induced the CASP1 and ESB1 reporters to a similar extent as did SHR induction in a wild-type background ( Figures  S4A-S4F and S4I) . Evidently, expression of these positioning proteins by SHR and MYB36 is independent of SGN1 or SGN3 activity. Nevertheless, iSHR induction was unable to ameliorate the delayed PI exclusion in sgn-3 or sgn-1 ( Figures  S4G and S4H) , consistent with the idea that expression CASP1 and ESB1 is insufficient for timely maturation of a Casparian strip.
In scr-4, PER64, ESB1, and SGN3 expression was detected in the mutant cell layer ( Figure S4J ). In line with this, SCR loss of function did not impair induction of the markers by iSHR or iMYB36 (Figures S4M-S4O) . Furthermore, ectopic expression of SCR (by iSCR) had no detectable effect on Casparian strip gene expression, exemplified by pCASP5:GFP-GUS and pSGN1:GFP-GUS, indicating that SCR is not responsible for inducing these genes ( Figures S4J and S4K) . These results again suggest that the main role of SCR in Casparian strip formation is directing Casparian strip positioning.
To further elucidate the Casparian strip regulatory cascade mediated by SHR and MYB36, we examined the transcript level of additional genes, previously described to be involved in lignin biosynthesis and deposition [25, 26] . An ATP-binding cassette transporter, ABCG29, which has been shown to transport monolignols from cytosol to apoplast, was transcriptionally upregulated when SHR or MYB36 was ectopically expressed [26] (Figure S4L) . A late catalytic step, going from monolignols to ''lignin,'' is mediated by a peroxidase shown to rely on localized peroxide supplied by a NADPH oxidase called respiratory burst oxidase homolog F (RBOHF; also known as SGN4) [13, 25] . Although induction of SHR did not alter SGN4 expression, its expression was moderately stimulated by induction of MYB36 ( Figure S4L ).
The SHR-SCR-MYB36 Trio Combined with CIF Peptides Induce Functional Casparian Strips in Non-endodermal Cells
Since SHR appears to activate many components of the Casparian strip, we next investigated whether SHR is sufficient to induce a functional strip in a cell type other than the endodermis. In A. thaliana roots, iSHR led to the formation of additional cell layers arising from the endodermal layer [23] . In iSHR and iMYB36 roots, we found that CASP-GFP in these additional cell layers is present in a discontinuous pattern ( Figures 1H-1J, 1N, and 1O ). However, we detected only a single lignified cell layer surrounding the stele in roots expressing iSHR, even after a 2-day estradiol treatment (Figures S5A-S5C) [23] . Consistent with this, we found that PI was excluded only from the ground tissue layer immediately surrounding the stele, indicating that ectopic SHR is not sufficient to produce a functional Casparian strip in extra ground tissues ( Figures S5F, S5G, and S5K) . Similarly, ectopic expression of MYB36 or SCR did not create a PI-impermeant layer in tissues other than endodermis ( Figures S5H, S5I , and S5K). In induced roots expressing iMYB36, iSCR, or iSHR, the pattern of lignin autofluorescence was similar ( Figures S5D, S5E , and S5J). These results indicate that despite turning on the expression of a group of critical components of Casparian-strip-forming machinery, neither SHR nor SCR nor MYB36 is sufficient to establish a functional Casparian strip.
In all cases observed above, when a functional Casparian strip forms, it forms in the cell layer that contacts the stele, suggesting that signals derived from the stele are involved. Candidates are two recently identified stele-expressed small peptides, Casparian strip integrity factor (CIF) 1 and 2, that bind to the SGN3 receptor and promote Casparian strip formation [27, 28] . To determine whether these peptides cooperate with SHR to make a Casparian strip, we examined their effect on the iSHR line. As shown above, without the peptides, induction of iSHR led to CASP1-GFP expression in the form of discontinuous puncta; however, addition of either CIF1 or CIF2 to iSHR or 35S:SHR roots led to a continuous CASP1-GFP ring in cells outside of the endodermis ( Figures 4A-4J and S5L-S5S ). All ground tissues showed two CASP1-GFP dots in single optical sections, as expected for a position in the middle of a cell face, and a continuous CASP1-GFP band in confocal projection images (Figures 4E-4I) . 3D reconstructions revealed an apparently continuous CASP1-GFP band in ground tissue layers (Figures 4G and 4J) . In agreement with this finding, in induced iSHR roots treated with either peptide, lignin was present in non-endodermal cells, represented in single optical sections by autofluorescent dots on end walls of the cell (Figures 4K and 4L ) and in confocal projection images by an unbroken band ( Figures 4M and 4N) . Finally, in a functional assay, we found that PI could penetrate into the epidermis, but not beyond, indicating that functional Casparian strips had formed in ground tissue layers ( Figure 4D ; Figures  5A-5C ).
The expression of CIFs appeared to be independent of SHR pathway, as evidenced by unchanged transcriptional level in iSHR, iMYB36, and the shr-2 mutant ( Figure 4O ). In addition, the expression of SGN2, an enzyme sulfating CIF peptides, was not affected by SHR or MYB36 induction ( Figure S4L ). Furthermore, expression of pCIF2:GFP-GUS in scr4 and the wild-type was comparable ( Figures 4P and 4Q) . These results indicate that CIF expression is independent of the SHR-MYB36-SCR trio.
Interestingly, the cooperative operation of SHR and CIF seemed to have a spatial window along the root axis. Combination of iSHR and a supplied CIF appeared to generate functional strips only in the region immediately above the expansion zone ( Figure 5D ). Nevertheless, the action of the CIF was time dependent, insofar as a the PI exclusion zone in 35S:SHR-GFP roots lengthened with time of exposure to the CIF ( Figure 5D) .
The above experiments are limited because the peptide was applied externally and was present at a concentration possibly far in excess of physiological levels. To circumvent these limitations, we drove CIF2 under a promoter expressed in the epidermis (pWER:CIF2) in iSHR background. After induction, in the mature region of the root where SHR drives expression of various Casparian strip proteins, PI was unable to penetrate beyond the epidermis ( Figure 5E ). Thus, CIF contributes to Casparian strip formation whether supplied internally or externally.
To summarize, we propose a model in which SHR activates a hierarchical cascade to promote Casparian strip formation (Figure 5F ). In this network, one SHR target, MYB36, regulates lignin polymerization, whereas the second SHR target, SCR, regulates sub-cellular positioning. Via MYB36, SHR turns on the expression of genes essential for lignin polymerization, including CASPs, PER64, SGN4, and ESBs. In parallel, SHR activates the expression of SCR, SGN1, and SGN3 to localize the formation of the Casparian strip. This cascade works together with a concomitant signal, delivered through the apoplast, mediated by the stele-derived peptides, CIF1 and CIF2, to form a functional Casparian strip ( Figure 5G ). Taking advantage of this network by combining SHR and CIF, we can induce a functional Casparian strip to form in non-endodermal cells of the A. thaliana root. 
DISCUSSION
The specification of endodermal identity has become a paradigmatic example of cell-fate determination regulated by a mobile protein, SHR [16, 29, 30] . However, our understanding of how SHR specifies endodermal identity derives mostly from studies on initial cells [31, 32] . Here, we are concerned not so much with endodermal identity per se but with how a key endodermal function, building a Casparian strip, is accomplished. During Casparian strip formation, SHR has three principal targets: SGN3, SCR, and MYB36. Recently, SCR was reported to upregulate MYB36 in a qRT-PCR assay [17] ; however, by examining MYB36 reporter lines in various genetic backgrounds, we find repeatedly that SHR, rather than SCR, is responsible for MYB36 activation. It appears that SCR regulates the MYB36-independent Casparian strip positioning within the SHR-mediated regulatory cascade.
Here, we present evidence that SHR mediates a signaling cascade that promotes various aspects of Casparian strip formation. We also found that SHR has a limited ability to promote strip formation in non-endodermal cells. This is consistent with previous reports that SHR is necessary, but not sufficient, to specify a functional endodermis [22, 23] . Interestingly, when the stele-derived small peptides, CIF1 and CIF2, were added along with ectopically induced SHR, non-endodermal cells formed continuous CASP1 bands and apparently functional Casparian strips. Expression of the CIF peptides in the stele is independent of SHR. Thus, in this example, cell differentiation is managed by two signaling systems coordinately.
In plants, nearly all cells are connected by plasmodesmata, underscoring the importance of symplastic communication between cells [33, 34] . SHR moves from stele into endodermis symplastically, whereas the CIF peptides presumably make the same journey apoplastically. Casparian strip formation represents the elaborate control of development by combining two distinct signaling systems, in which both apoplastic and symplastic communication are apparently employed. In this system, SHR is restricted to the endodermis by its downstream target SCR, and CIF1 and CIF2 are plausibly blocked from moving apoplastically in mature regions by an intact Casparian strip, indicating that plants exploit two interlocking mechanisms to ensure that only a single layer of ground tissue, which is in direct contact with stele, can acquire all of the necessary components to build a Casparian strip. As pointed out previously, a potential advantage of this strategy is the prevention of ongoing movement of either SHR or CIF from provoking unwanted differentiation [19, 27, 28] .
The response to the SHR induction is thus confined to the endodermis, and this also creates a clear-cut boundary between the vascular tissue and the ground tissue.
Compared to the weak or moderate phenotypes (delayed or discontinuous Casparian strip formation) in mutants of previously identified Casparian strip regulators, the strip was completely abolished in shr-2. Together with the transcriptional analysis, these data show that SHR serves as the master regulator of a regulatory hierarchy, in which two independent sub-networks are responsible for distinct aspects of Casparian strip formation. But interestingly, compared to SHR, MYB36 seemed to be a more effective activator of Casparian strip genes. As SHR is farther upstream, there might be additional components between SHR and MYB36 that provide positive or negative feedback. Thus, the regulatory network mediated by SHR probably is more complex than currently understood. This elaborate hierarchical cascade could allow considerable flexibility over when and how fast to form a Casparian strip. It would be interesting to investigate how SHR, as the master regulator of this hierarchy, responds to environmental and physiological cues.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: For all experiments, seeds were sterilized, sown on a solid medium containing 0.5 3 Murashige-Skoog (MS) medium, incubated 2 days at 4 C, and grown at 22 C under a 16-hr light/8-hr dark photoperiod. For PI blockage, lignin autofluorescence, Fluorol yellow staining, FM4-64 staining, FDA penetration, promoter analysis, and statistical analysis, seedlings were 6 days old at the point of analysis. For estradiol inducible lines, 4-day-old seedlings were incubated in 10 mM ES for the time required before analysis.
Molecular cloning and transformation
For cloning and generation of expression constructs, Gateway Cloning Technology (Invitrogen) and standard molecular biology techniques were used. The pG1090-XVE::SHR and pCASP1::CASP1-GFP lines were obtained by crossing pCASP1::CASP1-GFP expressing line to pG1090-XVE::SHR line. The promoters pPER64 (1478 bp before ATG), pMYB36 (2987 bp before ATG), pSGN1 (2310 bp before ATG) and pSGN3 (2522 bp before ATG) were amplified and cloned into KpnI and XhoI sites of a pGWB632 expression vector. Primer sequences are listed in Table S1 . The gene coding sequences (cDNA) of MYB36 (AT5G57620), obtained from The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org/), was cloned using Gateway into the PMDC7 expression vector (see Table S1 for primers). The ESB1 promoter and the gDNA sequence was cloned and the pESB1::ESB1-YFP expressing vector was constructed using gateway cloning. The plasmids were transformed in the wide type and pG1090-XVE::SHR using an Agrobacterium tumefaciens strain GV3101 by the floral dip method.
METHOD DETAILS
qRT-PCR Total RNA was extracted from whole roots using TRIzol reagent (ambion). An equal amount of total RNA (1ug) was used to generate cDNA with TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (TRANS) and diluted 10-fold for assays. qRT-PCR was performed using TransStart Top Green qPCR SuperMix (TRANS).Three biological replicates performed in three technical replicates were analyzed for each experiment. Primers were designed and tested for amplification efficiency by DNA melting curve analysis and gel electrophoresis of the amplified products. Standard curves were run for each primer pair. Values reported are the means of three biological replicates after efficiency corrected quantification. Relative transcript levels were calculated with eiF4a as the reference gene. The primers were used (see Table S1 ).
Microscopy and histological analysis
Confocal images were performed on a Zeiss LSM880. Excitation and detection parameters were set as follows: GFP 488 nm, 493-548 nm; PI 561 nm, 566-718 nm. For FM4-64 staining, Seedlings were incubated in FM4-64 (10 mM) for 5 min, rinsed and observed. For lignin autofluorescence staining, excitation and emission frequencies for GFP (488 nm, 493-548 nm) was used. Observation of PI uptake was performed in [9] . Lignin autofluorescence was visualized according to [9] . Briefly, seedlings were incubated in 0.24 N HCl (in 20% methanol) at 57 C for 15 min, then covered in 7% NaOH (in 60% ethanol) at 25 C for 15 min, in turn, rehydrated in 40%, 20% and 10% ethanol for 5 min, incubated in 5% ethanol and 25% glycerol for 15 min and mounted in 50% glycerol for observation (also see http://wp.unil.ch/geldnerlab/resources-and-protocols/protocols/). According to the refs [27, 28] , we confirmed the amino acid sequences of the peptides CIFs and chemically synthesized the peptides (ChinaPeptides, Shanghai) soluble in 20% ACN. The agar plates with 1 mM CIFs were made. The seedlings were incubated in these plates for CIFs treatment.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as means ± SD. Comparisons between two groups were performed using unpaired two-tailed Student's t test. Comparisons between multiple groups were performed using one-way ANOVA for the analysis of the qPCR experiments. Asterisks indicate the smallest significant difference between the relevant group and its controls with the post hoc comparisons (*p < 0.05, **p < 0.01).
The heatmap was made by drawing tool-heatmap in BMKCloud. The fluorescence intensity was analyzed by the ImageJ. In order to distinguish the difference, we took the logarithm of all the fluorescence intensity values, and then made the heatmap so that we can see the difference between each data. Detailed methods can be found at https://console.biocloud.net/static/index.html#/drawtools/ intoDrawTool.
